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Phosphodiesterase type 4 (PDE4) plays a major role in 
modulating the activity of virtually all cells involved in 
the inflammatory process. Inhibitors of this enzyme 
family display impressive anti-inflammatory and 
disease-modifying effects in a variety of experimental 
models. In this review, Mauro Teixeira, Robert 
Gristwood, Nicola Cooper and Paul Hellewell 
examine the capacity of PDE4 inhibitors to exert 
anti-inflammatory actions in vivo and discuss the 
potential of this class of drugs to take their place as 
novel therapeutic agents for a variety of 
inflammatory diseases. 

Recruitment of leukocytes from the blood compartment 
into tissues is essential for the host's response to infec- 
tious organisms such as bacteria and viruses. If the host's 
immune and inflammatory responses are properly con- 
trolled, the invading microorganism will be destroyed 
and recuperation of function is virtually complete. How- 
ever, an initially protective immune response may lead 
to permanent damage if not controlled, if prolonged or if 
directed against self. Asthma, arthritis and multiple scle- 
rosis are all examples of chronic immune deregulation 
accompanied by intense infiltration of tissues with 
inflammatory cells. In these conditions, chronic inflam- 
mation may lead to severe loss of function and to life- 
threatening situations. Similarly, acute deregulation of 
the immune system may occur in diseases such as the 
acute respiratory distress syndrome (ARDS), where an 
overwhelming and generalized inflammatory response 
leads to acute incapacitation and frequently to death. For 
some of these chronic inflammatory conditions (eg. 
asthma), steroids, sometimes at high doses, are the main- 
stay of therapy'. However, these drugs can have many 
harmful side-effects when used chronically, including 
immunosuppression, metabolic disturbances and hyper- 
tension. For rheumatoid arthritis, nonsteroidal anti- 
inflammatory drugs (NSAIDs) offer palliative sympto- 
matic treatment but their known side-effects are of great 
concern. For other conditions (e.g. ARDS), no suitable 
therapeutic options exist and treatment is largely sup- 
portive. Thus, the development of drugs with an effec- 
tive anti-inflammatory profile, but with fewer side- 
effects than steroids and the NSAIDs, would be 



beneficial as there are few other therapeutic options in a 
number of diseases where an uncontrolled inflammatory 
response exists. 

A strategy that has received much attention lately, 
especially within the context of asthma, relates to the 
level of cAMP in cells that participate in the inflamma- 
tory process. The elevation of intracellular cAMP has 
been associated with inhibition of the function of various 
types of cells including lymphocytes, monocytes, 
macrophages, neutrophils, eosinophils, mast cells, 
basophils, endothelial cells and lung epithelial cells 2 - 3 . 
The mechanisms by which cAMP modulates cell func- 
tion are not completely understood but appear to 
depend on the activation of protein kinase A and subse- 
quent phosphorylation of hydroxy-amino acid residues 
or regulatory subunit-dependent transport of cAMP to 
the cytoplasm and nucleus 4 . The intracellular levels of 
cAMP are regulated by the rate of cAMP production by 
receptor-coupled adenylate cyclase and the rate of cAMP 
degradation by 3',5'-cyclic nucleotide phosphodi- 
esterases (PDEs). Based on genetic, biochemical and 
pharmacological data, PDE isoenzymes have been clas- 
sified into seven distinct families 5 . Of these, PDE3, PDE4 
and PDE7 appear to be most important for the regulation 
of cAMP in different cell types. Interestingly, inhibitors 
of PDE4 have been shown to suppress, with a range of 
efficacies, the in vitro functional responses of most cells 
involved in the inflammatory process 2 ' 3 (Table 1). 
Whereas in neutrophils, eosinophils, mast cells and 
basophils PDE4 isoenzymes play a more dominant role, 
in monocytes /macrophages and lymphocytes PDE3 
isoenzymes are also involved in the regulation of cAMP 
levels and PDE3 inhibitors appear to synergize with 
inhibitors of PDE4 (Table 1). The contribution of PDE7 
awaits the availability of specific inhibitors of this 
isoform. 

Effects of PDE4 inhibitors on models of 
inflammatory diseases in vivo 

Table 2 describes the effects of PDE4 inhibitors in 
various 'models' of inflammatory diseases in animals. De- 
spite the spectrum of tissues affected and cell types in- 
volved, a consistent finding was that PDE4 inhibitors ef- 
fectively suppressed inflammation and disease activity. 
Most of the studies investigating the anti-inflammatory 
effects of PDE4 inhibitors in vivo have focused on allergic 
diseases, particularly in 'models' of asthma (Table 2). 
The great interest in allergic diseases is not surprising 
inasmuch as there is extensive evidence to suggest 
an involvement of eosinophils in these conditions and 
PDE4 inhibitors are effective inhibitors of eosinophil 
activation in vitro 1 '. In addition, in the context of asthma, 
PDE4 inhibitors may provide the additional benefit of 
bronchodilatation and synergism with (^-adrenoceptor 
agonists 3 - 7 . Thus, a number of structurally unrelated 
PDE4 inhibitors have been shown to suppress eosinophil 
recruitment induced by antigen challenge and a range of 
stimuli in the lungs, skin and eyes (Table 2). Furthermore, 
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these drugs can also reduce the increased levels of 
eosinophil-derived secretory products (e.g. eosinophil 
peroxidase) in the lung and the airway hyper- 
responsiveness observed after antigen challenge or after 
exposure to irritants, such as ozone. Interestingly, in 
some studies 8 ^ 10 PDE4 inhibitors preferentially sup- 
pressed the recruitment of eosinophils, but not neu- 
trophils, which suggests either a greater sensitivity of 
eosinophils to inhibition by these drugs or preferential 
inhibition of an eosinophil-specific recruitment pathway. 

A number of investigations have evaluated the effects 
of various PDE4 inhibitors in animal models of septic 
shock, particularly in models that use systemic injection of 
high doses of Hpopolysaccharide (LPS) (Table 2). The effi- 
cacy of PDE4 inhibitors in these models is very impressive 
and includes inhibition, very often complete, of LPS- 
induced increases in serum levels of rumour necrosis fac- 
tors (TNF-a) in liver injury, bowel injury, lung injury, 
renal failure and mortality. In the context of acute lung 
injury, PDE4 inhibitors have been shown not only to 
inhibit the accumulation of neutrophils but also to reduce 
neutrophil-dependent oedema and the elevated level of 
neurrophil-derived elastase in lung tissue. 

Three studies have evaluated the effects of the proto- 
type PDE4 inhibitor rolipram on animal models of 
autoimmune encephalomyelitis (multiple sclerosis), a 
T-lymphocyte- and TNF-a-dependent demyelinating 
disease of the CNS (Table 2). Although rolipram had 
little effect on the induction phase of the disease, it 
markedly suppressed the pathological, clinical and 
radiological signs of encephalomyelitis when adminis- 
tered before these symptoms appeared"-' 3 . Further- 
more, in one study, rolipram also significantly reduced 
the severity of the disease and inflammatory lesions in 
the brain when administered after the first clinical signs 
had appeared 11 . 

There is now substantial evidence to suggest that 
inflammation may play an important role in defining 
the extent of tissue injury following ischaemia and 
reperfusion 1-1 . In this context, rolipram inhibited 
ischaemia-reperfusion injury in the brain and lung, 
although it failed to modify injury to the heart (Table 2). 
The inability of rolipram to modulate myocardial 
reperfusion injury could relate to the observation of 
delayed protective effects of prostacyclin analogues 
in the heart. Following prolonged exposure to 
7-oxo-prostacyclin, there is a cycloheximide-sensitive 
enhanced expression of PDE1 and PDE4 isoenzymes in 
ventricular muscles of the rat 15 . Thus, on the one hand, 
the enhanced expression of PDE isoforms leads to attenu- 
ation of adrenoceptor-mediated responses and to de- 
layed cardiac protection 16 . On the other hand, inhibition 
of PDE4 by rolipram could enhance the adrenoceptor- 
mediated responses and counterbalance any protective 
anti-inflammatory effect of the drug following reperfu- 
sion in the heart. 

Anti-inflammatory effects of PDE4 inhibitors have 
been demonstrated in a rodent model of rheumatoid 
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arthritis. Both rolipram and CP77059 significantly 
suppressed ankle swelling and radiological evidence of 
cartilage injury in a rat arthritis model 17 . In a rat model 
of glomerulonephritis with mesangial cell proliferation, 
treatment with rolipram and a PDE3 inhibitor sup- 
pressed proteinuria and proliferative changes 1 ". In addi- 
tion, the PDE4 inhibitor Ro20-1724 effectively sup- 
pressed the loss of dopaminergic neurones in a mouse 
model of Parkinson's disease 19 , indicating another dis- 
ease condition in which PDE4 inhibitors, in theory, have 
potential utility. 

Mechanisms of the anti-inflammatory action of 
PDE4 inhibitors in vivo 

Inhibitors of PDE4 are effective suppressors of 
cytokine production by different cell types in xntrii 2 ^ and 
reduce serum TNF-a levels in animal models of septic 
shock (e.g. Refs 17, 20, 21) (Box 1). More importantly, 
inhibition of TNF-a release appears to play an important 
role in the anti-inflammatory effects of PDE4 in- 
hibitors 22 - 23 . Suppression of the release of chemoattrac- 
tants, including the a-chemokine interleukin-8 (IL-8) 24 
and the lipid leukotriene (LT)B 4 (Ref. 25), may also be 
important for the inhibition of leukocyte recruitment 
by PDE4 inhtbitors. Inhibition of chemokine production, 
particularly those that are leukocyte-specific chemo- 
attractants, could comprise an important component 
of the anti-inflammatory action of PDE4 inhibitors 

Pettipher and colleagues recently showed that the 
inhibition by rolipram of TNF-a release in the peritoneal 
cavity of thioglycollate-treated mice was dependent on 
the release of corticosterone 20 . Similarly, the PDE4 
inhibitors rolipram, denbufylline and BRL61063 have all 
been shown to produce increases in adrenocorticotrophic 
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Box 1. Possible mechanisms involved 

in the anti-inflammatory action of 
phosphodiesterase (PDE)4 inhibitors 

in vivo 



• Inhibition of the release of inflammatory medi- 
ators /cytokines 

• Inhibition of leukocyte activation (degranulation, 
respiratory burst) 

• Inhibition of leukocyte migration 

• Inhibition of the expression/upregulation of cell 
adhesion molecules 

• Induction of cytokines with suppressive activity 
(e.g. interleukin-10) 

• Induction of apoptosis 

• Stimulation of endogenous steroids and catechol- 
amine release 



hormone (ACTH) and corticosterone secretion in the 
rat 27 - 28 . Moreover, part of the inhibitory effects of 
rolipram on systemic TNF-a release after LPS treatment 
was dependent on the release of adrenaline 20 and 
P-adrenoceptor block reversed the inhibition by 
rolipram of arachidonic acid-induced oedema in mouse 
ear 25 . It is clear that these actions should be considered 
when evaluating the anti-inflammatory actions of these 
and other PDE4 inhibitors in different animal models. 
More recently, however, it was reported that the effects 
of the PDE4 inhibitor CDP840 on IL-5-induced pleurisy 
in the rat were not modified by adrenalectomy or 
(3-adrenoceptor block 2 ''. Whether such effects of PDE4 
inhibitors occur in humans is unknown. 

There are protective effects of PDE4 inhibitors in 
experimental inflammation that are clearly independent 
of inhibition of the release and action of TNF-a and 
other mediators 817 ' 30 . For example, rolipram has been 
shown to inhibit TNF-a release at doses considerably 
lower than those necessary to prevent lethality follow- 
ing challenge with LPS (Ref. 17) and it also prevented 
the accumulation of eosinophils induced by intradermal 
injection of preformed, direct-acting mediators 8 . This 
latter observation is consistent with a direct effect of 
rolipram on the eosinophil 11 . It is also clear that cAMP- 
elevating agents such as PDE4 inhibitors induce the pro- 
duction of IL-10 by macrophages exposed to LPS in 
vitro 32 ; the released IL-10 contributes to the inhibitory 
effects of PDE4 inhibitors on TNF-a and IL-6 release 32 . 
Although there have been no studies evaluating the role 
of IL-10 in the anti-inflammatory effects of PDE4 
inhibitors in vivo, enhanced production of IL-10 appears 
to play a role in the protective effects of methylxanthines 
in a murine model of septic shock 33 . 

In addition to preventing or inducing the release of 
cytokines, PDE4 inhibitors potently block the activation 
of leukocytes in vitro (Table 1). It is thus possible that 
inhibition of leukocyte activation may be important for 
some of the anti-inflammatory effects of PDE4 inhibitors 
in vivo. For example, in a mouse model of acute lung 



injury induced by LPS followed by zymosan, rolipram 
effectively inhibited lung injury when given before or 
after the LPS (Ref. 30). This protective effect of rolipram 
was independent of the inhibition of TNF-a release and 
of neutrophil sequestration in the lung and also 
occurred when zymosan was injected alone; this sug- 
gests that inhibition of neutrophil activation was the 
likely mechanism of action. With respect to allergic 
inflammation, suppression of eosinophil activation in 
addition to inhibition of mast cell degranulation may 
play an important role in the protective effects of PDE4 
inhibitors in animal models of asthma 29 . 

Another interesting and potentially important anti- 
inflammatory effect of PDE4 inhibitors relates to the 
ability of cAMP-elevating agents to modulate the ex- 
pression of cell adhesion molecules in vitro. For exam- 
ple, combination treatment with the adenylate cyclase 
stimulator forskolin and the nonspecific PDE inhibitor 
isobutyl methylxanthine suppressed the induction by 
cytokines of endothelial E-selectin and vascular cell 
adhesion molecule-1 (VCAM-1) 34 . Similarly, rolipram 
significantly suppressed the expression and release of 
E-selectin in TNF-a-stimulated human umbilical vein 
endothelial cells 35 . In addition, cAMP-elevating agents 
also prevent mediator-induced upregulation of (3 2 integ- 
rals on the surface of eosinophils and neutrophils 36 - 37 . 
Whether inhibition of the expression and/or upregu- 
lation of cell adhesion molecules plays a role in the anti- 
inflammatory effects of PDE4 inhibitors in vivo is 
unclear, and deserves further investigation. Finally, the 
accumulation of leukocytes in different tissues is 
defined not only by their rate of recruitment into tissue 
but also by their rate of clearance via apoptotic mecha- 
nisms 38 - 1 ''. Overall, cAMP-elevating agents tend to 
enhance apoptosis of various leukocytes in vitro (e.g. 
Refs 40-42). Whether PDE4 inhibitors exert similar 
effects to other cAMP-elevating agents and whether 
these will be relevant for their anti-inflammatory action 
in vivo is not known. It is interesting to note that cAMP- 
elevating agents inhibit neutrophil apoptosis 43 . This 
finding may provide a possible explanation for the 
observed lack of effect of PDE4 inhibitors on neutrophil 
accumulation in some experimental situations (see 
Table 2). 

Clinical prospects 

A major concern that has arisen from the use of PDE4 
inhibitors in clinical trials is the ability of these drugs to 
induce nausea and emetic side-effects 44 . The mecha- 
nisms involved in the induction of these side-effects are 
poorly understood but, based on animal studies, the 
binding of inhibitors to the so-called rolipram high- 
affinity binding site is thought to be important (for a 
review on the high-affinity binding site, see Refs 45-47). 
Recently this has been addressed formally using a series 
of biarylcarboxylic acids and amides; a reduction in 
rolipram binding was associated with a corresponding 
reduction in emetic effects while anti-inflammatory 
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potency was maintained 48 . These studies suggest that 
emetic side-effects can be overcome in clinical practice. 
However, there are other potential side-effects related to 
PDE4 inhibition, such as immunosuppression and meta- 
bolic disturbances (e.g. altered glucose metabolism; see 
below). Will chronic administration of PDE4 inhibitors 
be safer than chronic treatment with steroids or other 
immunosuppressive agents? Treatment with a PDE4 
inhibitor significantly inhibited the ex vivo tumoricidal, 
but not the candicidal, activity of macrophages and 
neutrophils 4 ". In addition, systemic treatment with the 
nonspecific PDE inhibitor theophylline significantly 
reduced pulmonary antibacterial defence in mice 50 . 
Phosphodiesterase 4 inhibitors have also been shown to 
possess significant effects on the release and/or action 
of hormones such as renin and insulin (e.g. Refs 51-53). 
Whether in vivo treatment with PDE4 inhibitors will 
result in significant metabolic disturbance clearly 
deserves further investigation. Moreover, it is important 
to define the comparative efficacy of PDE4 inhibitors 
and steroids in different models of inflammation (e.g. 
Refs 9, 54). As reported with steroids, the effectiveness 
of PDE4 inhibitors as anti-inflammatory agents may 
parallel their ability to cause immunosuppression and 
this needs to be tested experimentally. Such information 
would help to clarify the indications and potential 
limitations of these drugs for use in clinical trials. 
Finally, the prototype PDE4 inhibitor rolipram was 
initially developed clinically for the treatment of depres- 
sion 44 . Further investigation is needed to determine 
whether other PDE4 inhibitors will cause significant 
CNS effects and whether these will limit their usefulness 
as anti-inflammatory agents. 

Unanswered questions 

Recently, it has become apparent that PDE4 is not just 
one enzyme but comprises a group of enzymes (PDE4 
A-D) which are differentially regulated and expressed in 
different ceils (reviewed in Ref. 45). In general, PDE4 
inhibitors have little selectivity for PDE4 subtypes 
although most appear to be less potent against PDE4C 
compared with other subtypes 45 . In addition, the expres- 
sion of the PDE4D isoform is increased following short- 
term cAMP stimulation and inhibitors that display some 
specificity for the activated enzyme have been devel- 
oped 55 . Thus, there is a distinct possibility that the devel- 
opment of specific inhibitors of PDE4 subtypes will 
become available in the near future. When they do, it 
will be necessary to assess whether these agents are 
better than, or at least as effective as, 'nonspecific' 
PDE4 inhibitors and whether they will induce fewer 
side-effects. 

It is now apparent that chronic activation of inflam- 
matory cells with cAMP is associated with modulation of 
the activity and numbers of PDE4 isoenzymes. It consists 
of two regulatory processes: one is short term and 
involves protein phosphorylation; the other is long term 
and involves increased gene expression (reviewed in 



Ref. 56). More importantly, this modulation of PDE4 
isoenzymes is accompanied by a decreased ability of 
cAMP-elevating agents to inhibit inflammatory cell 
function and is reversed by rolipram, which suggests 
that the tolerant state is related to the expression 
or activity of PDE4 (Refs 57, 58). Interestingly, (J,- 
adrenoceptor agonists are effective inducers of PDE4 
isoenzymes and it is possible that prolonged use of 
3 2 -adrenoceptor agonists may lead to upregulation of 
PDE4 in vivo and the development of tolerance to the 
anti-inflammatory activities of these drugs 5 *. Prolonged 
inhibition of PDE4 may also lead to upregulation of 
PDE4 in vivo although this requires investigation. 
Increased expression of PDE4 could result in a state of 
dependence on PDE4 inhibitors in such a way that it 
would be difficult to stop patients using the drug. In one 
study, severe asthmatics that made prolonged use of 
theophylline could not be weaned off the drug 59 . 
Clearly, further studies are needed to assess the effects 
of chronic treatment with PDE4 inhibitors and drug 
withdrawal in animal models and in the clinical setting. 
Nevertheless, in view of the capacity of PDE4 inhibitors 
to reverse tolerance in vitro, these drugs may restore 
responses to cAMP-elevaring agents in vivo. Finally, 
atopic patients have increased levels of PDE4 activity 
when compared to normal individuals 60 . Whether the 
enzyme(s) that are elevated in atopics are activated or 
subject to differential inhibition by PDE4 inhibitors is 
unknown (see Ref. 45). 

Concluding remarks 

There has been an enormous excitement, in both 
industry and academia, with the development of se- 
lective PDE4 inhibitors. These are efficacious anti- 
inflammatory agents in animal models with potential 
widespread use in diverse inflammatory diseases in 
humans. Obviously, the answer to whether PDE4 
inhibitors will fulfil their promise will only become 
apparent when clinical trials with appropriate agents 
have been conducted and reported. No selective PDE4 
inhibitors are currently marketed. A number have 
entered Phase I clinical testing, although most have 
been dropped subsequently, largely due to side- 
effects. At present there are two selective PDE4 
inhibitors, RP73401 and SB207499, in Phase II clinical 
testing as anti-asthma agents, and one, LAS31025, further 
advanced in Phase III. Clinical data on these are eagerly 
awaited. Recently published data on CDP840 indicate 
some clinical efficacy 6 ', although the level of activity 
was apparently not sufficient to encourage the 
continued development of this compound for asthma. 
Topical application of the PDE4 inhibitor CP80633 
significantly reduced inflammation in skin lesions of 
atopic dermatitis patients 62 . Meanwhile, important 
questions regarding the mechanism of action in vivo, 
safety and continuous efficacy of PDE4 inhibitors when 
used chronically remain and should be addressed 
experimentally. 



EXHIBIT B 



Review 



Selected references 

1 Barnes, P. J. (1995) New Engl. /. Med. 332, 868-875 

2 Nicholson, C. D., Challiss, R. A. J. and Shahid, M. (1991) Trends Pliar- 
macol, Sa. 12, 19-27 

3 Nicholson, C. D. and Shahid, M. (1994) Putm. Pharmacol 7, 1-17 

4 Kammer, G. M. (1988) Immunol. Today 9, 222-229 

5 Beavo, J, A., Conrj, M. and Heaslip, R. J. (1994) Mot. Pharmacol. 46, 
399-405 

6 Djukanovic, R, el ai. (1990) Am. Rev. Respir. Dis. 142, 434-457 

7 Giembycz, M. A. and Kelly, J. J, (1994) in Methylxanthines and 
Phosphodiesterase Inhibitors in the Treatment of Airways Disease, 
(CosteUo, J. F. and Piper, P. J., eds), p. 27, Parthenon Press 

8 Teixeira, M.M., I i.A 1 <i i PJ. and Hellewell, P. G. (1994) 
Br. /, Pharmacol. 112, 332-340 

9 Gozzard, N et al (19%) Br. /. Pharmacol. 1 18, 1201-1208 

10 Howell, R. E., Jenkins, L P. and Howell, D. E. (1995) /. Pharmacol. Exp 
Ther. 275, 703-709 

11 Summer. N et al 11995) Nat. Med 1,244- 248 

12 C*nain, C. P eta!. om)Proc. Natl Acad. Set. U. S. A 92,3601-3605 

13 Jung Seta! (1>» eunammunol 68, 1-11 

14 Entman, M. L. and Smith, C. W. (1994) Cardiovasc. Res. 28, 1301-1311 

15 Brocherl G et a W41M em 132 s"-67 

16 Parrart, J. R. and Szekeres, L. (1995) Trends Pharmacol. Sci. 16, 351-355 

17 Sekut, L. et al. (1995) Clin. Ixp. Immunol. 100, 126-132 

18 Tsuboi, Y, et al. (1996) j. Clin. Invest. 98, 262-270 

19 Hulley, P. et al. (1995) Eur. j. Neurosa. 7, 2431-2440 

20 Perapher, E. R. el al. (1996) Br. /. Pharmacol. 117, 1530-1534 

21 Prabhakar, U.etal. (1994) Int. j. Immunopharmacol. 16, 805-816 

22 Turner, C. R., Esser, K. M. and Wheeldon, E. R. (1993) Ore. Shock 39, 
237-245 

23 Rabinovia, R. el al. (1996) Circ. Res. 78, 329-036 

24 Turner, C. R., Andresen, C. J., Smith, W. B. and Watson, J. W (1994) 
Am. /. Respir. Crit. Care Med. 149, 1153-1159 

25 Gnswold, U E el a I >•«<, h 'la Mm 17, 333-343 

26 Ortiz, J. L, Valles, J M, Marti-Cabrera, M., Cortijo, J. and 
Morcilb, L 111 i >- ' h Hummutl 153 
200-206 

27 Kumari, M., Cover, P. O., Poyser, R. and Buckingham, J. (1994) 
Br. j. Pliarmacol. 112, 163P 

28 Hadley, A.].etal. (1996) Br.}. Pharmacol. 119,463-170 

29 Hughes, 13. et al (19%) Bi / Flmtmeol. 118, 1183-1191 

30 Miotla, 1 M, Teixeira, M. M, Jeffery, P. K. and Hellewell, P. G. (1995) 
Br j. Pharmacol. 116, 5P 

31 Teixeira, M. M. and Hellewell, P. G. Eur. j. Pharmacol, (in press) 

32 Kambayashi i I 1995) munol. 155, 4909-4916 

33 Jilg, S. etal. (1996) /. Pharmacol. Exp. Ther. 278, 421-431 

34 Pober, J. S., Slowik, M. R., De Luca, L. G. and Ritchie, A. J. (1993) 
I. Immunol. 150,5114-5123 

35 Morandiw. R. et al. (1996) Am. j. Physiol. 270, H807-H816 

36 Derian, C. K„ SantuUi, R. }., Rao, P. E, Solomon, H, F. and 
Barrett, J. A. (1995) / Immunol. 154, 308-317 

37 Teixeira, M. M, Rossi, A. G., Giembycz, M. A. and Hellewell, P. G. 
(1996) Br. ]. Pharmacol. 118, 2099-2106 

38 Cohen, J. J. (1993) Immunol. Today 14, 126-130 

39 Teixeira, M M , Williams, T. J. and Hellewell, P. G. (1995) Trends Phar- 
macol. Sri, 16,418-423 

40 1 lallsworth, M P., Ciembvcz. M. A , Barnes, P |. and Lee, I 11.(19%) 
fir,/, Pharmacol. U 7, 79-86 

41 McConkey, D. J, Orreruus, S. and Jondal, M. (1990) /. Immunol. 145, 
1227-1230 

42 Lome, J., Blomhoff, H. K,, Beiske, K„ Stokke, T, and Smeland, E. B. 
(1995) j. Immunol 154, 1634-1643 

43 Rossi, A. G. et al (1995) Biochem. Biophys. Res. Commun. 217, 892-899 

44 Zeller, E„ Stief, H. J„ Pflug, B„ Sastre, Y. and Hernandez, M. (1988) 
Pharmacopsychiatry 59, 358-369 

45 Muller, T„ Engels, P. and Fozard, J, R, (19%) Trends Pliarmacol. Sci. 17, 
294-298 

46 Kelly, J. J„ Barnes, P. J. and Giembycz, M. A (19%) Biocliem. /. 318, 
425-436 

47 Jacobitz, S„ McLaughlin, M. M, Livi, G. P., Burman, M. and 
Torphy, T. J. (19%) Mol. Pharmacol. 50, 891-899 

48 Duplantier, A, J. etal. (19%) /. Med. Chem. 39, 120-125 

49 Kaplan, J. M. et al. (1995) Toxicology 95, 186-1% 

50 Nelson, S, Summer, W. R. and Jakab, G.J. (1985) Am. Rev Respir. Dts 
131, 923-927 

51 Parker, J. C, Van Volkenburg, M. A., Ketchum, R. J., Brayman, K. L. 
and Andrews, K. M. (1995) Biochem. Biophys. Res. Commun. 916, 923 

52 Chiu, N, Park, 1. and Reid, I. A. (19%) /. Pliarmacol Exp. Ther. 276, 
1073-1077 



53 Leibowitz, M. D. it al. (1995) Diabetes 44, 67-74 

54 Klemm, P., Harris, H. J. and Perretti, M. (1995) Eur. /. Pharmacol. 281, 
69-74 

55 Alvarez, R. et at. (1995) /. Pharmacol. Exp. Ther. 48, 616-622 

56 Giembycz, M. A. (19%) Trends Pharmacol. Sci. 17, 331-336 
37 Torphy, T J. et al. (1995) J. Biol. Chem. 270, 23598-23604 

58 Koga, S. et al. (1995) Am. ]. Physiol. 268, C1104-C1113 

59 Nassif, E. G„ Weinberger, M„ Thompson, R. and Huntley, W. (1981) 
New Engl.]. Med. 304, 71-75 

60 Chan, S. C, Reifsnyder, D., Beavo, J. A. and Hanifin, J. M. (1993) 
/. Allergy Clin. Immunol. 91, 1179-1188 

61 Harbinson, P. L. et al. (19%) Am. ]. Respir. Crit. Care Med. 153, A346 

62 Hanifin, \M.etal (19%) /. Invest. Dermatol. 107, 51-56 

63 Giembycz, M. A. (1992) Biochem. Pharmacol. 43, 2041-2051 

64 Simpson, P. J., Schelm, J. A., Smailwood, J. K., Clay, M. P. and 
Lindstrom, T. D. (1992) /. Cardiovasc. Pharmacol. 19, 987-995 

65 Nielson, C. P., Vesta), R. E, Sturm, R. J. and Heaslip, R. (1990) 
I. Allergy Clin. Immunol. 86, 801-808 

66 Dent, G., Giembycz, M. A., Rabe, K. F. and Barnes, P. J. (1991) fir. /. 
Pharmacol. 103, 1339-1346 

67 Hatzelmann, A., Tenor, H. and Schudt, C. (1995) Br. /. Pharmacol. 1 14, 
821-831 

68 Souness, J. E. et al. (1991) Biochem. Pharmacol. 42, 937-945 

69 Torphy, T. J. et al. (1992) in Advances Second Messenger and Phospho- 
protein Research, (Strada, S. J. and Hidaka, H„ eds), p. 289, Raven Press 

70 Peachell, P. T. et al. (1992) /. Immunol. 148, 2503-2510 

71 Kleine-Tebbe, J. el al. (1 992) Agents Actions 36, 200-206 

72 Giembycz, M A, Corrigan, C. J., Seybold, J., Newton, R. and Barnes, 
P. ). (19%) Br. ). Pharmacol. 118, 

73 Foissier, L., Lonchampt, M., Coge, F. and Canet, E. (1996) 
/. Pharmacol. Exp. Ther. 278, 1484-1490 

74 Turner, N. C, Wood, L. J., Bums, F. M., Gueremy, T. and 
Souness, J. E. (1993) Br. J. Pharmacol. 108, 876-883 

75 Verghese, M. W. et al. (1995) /. Pliarmacol. Exp. Uer. 272, 1313-1320 

76 Chini, C. C. S„ Chrni, E. N., Williams, J. M., Matousovic, K. and 
Dousa, T. P. (1994) Kidney Int. 46, 28-36 

77 Matousovic, K., Grande, J. P, Chini, C. C. S„ Chini, E. N. and 
Doi u T P (19951 l /,-,'•> 40 1] 

78 Suttorp, N., Weber, U., Welsch, T. and Schudt, C (1993) /. Clin. Invest. 
91, 1421-1428 

79 Turner, C.R.et al. (1996) /. Pharmacol. Exp. Ther. 278, 1349-1355 

80 Raebum, D. and Karlsson, J-A. (1993) /. Pharmacol. Exp. Ther. 267, 
1147-1151 

81 Ortiz, J. L, Cortijo, J., Valles, J. M, Bou, J. and Morrillo, E. J. (1993) /. 
Pharm. Pharmacol. 45, 1090-1092 

82 Underwood, D. C. et al. (1993) /. Pharmacol. Exp. Ther. 266, 306-313 

83 Santing, R. E., Olymulder, C. G, Van der Molen, K., Meurs, H. and 
Zaagsma, J. (1995) Eur. j. Pharmacol. 275, 75-B2 

84 Holbrook, M, Gozzard, N, James, T, Higgs, G. and Hughes, B. 
(19%) Br. /. Pharmacol. 118, 1192-1200 

85 Banner, K H. ef al. (1995) Mm. Pharmacol. 8, 37-42 

86 Underwood, D. C. el al. (1994) /. Pharmacol. Exp. Ther. 270, 250-259 

87 Lagente, V, Pruruaux, M-P., Junien, J-L and Moodley, 1. (1995) 
Am. j. Respir. Crit. Care Med. 151, 1720-1724 

88 Banner, K. H. and Page, C. P. (1995) Br. j Pliarmacol. 114, 93-98 

89 Lagente, V, Moodley, 1., Perrm, S., Motrin, G. and Junien, J-L. (1994) 
Eur. /. Pharmacol. 255, 253-256 

90 Raebum, D. et al. (1994) Br. j. Pharmacol. 113, 1423-1431 

91 Elwood, W, Sun, J., Barnes, P. J., Giembycz, M. A. and Chung, K. F. 
(1995) Inflamm. Res. 44, 83-86 

92 Gozzard, N. et al. (19%) fir. /. Pharmacol. 117, 1405-1412 

93 Newsholme, S. J. and Schwartz, L. (1993) Inflammation 17, 25-31 

94 Badger, A. M„ Olivera, D. L. and Esser, K. M. (1994) Circ. Shock 44, 
188-195 

95 Fischer, W., Schudt, C. and Wendel, A. (1993) Biochem. Pharmacol 45, 
2399-2404 

96 Cardelus, 1, Gras, J, Jauregui, J., Llenas, J. and Palacios, J. M. (1996) 
Eur. j. Pharmacol. 299, 153-159 

97 Sekut, L, Menius, J. A, Brackeen, M. F. and Connolly, K. M. (1994) /. 
Lab. Clin. Med. 124, 813-820 

98 Begany, D. P., CarciUo, J. A., Herzer, W. A., Mi, Z and 
Jackson, E. K. (1996) /. Pharmacol. Exp. Ther. 278, 3741 

99 Kips, J. C, Joos, G. F„ Peleman, R. A. and Pauwels, R. A. (1993) 
Clin. Exp. Allergy 23, 518-523 

100 Kato, H., Araki, T„ Itoyama, Y. and Kogure, K. (1995) Eur. j. 
Pharmacol. 272, 107-110 

101 Barnard, J. W. el al. (1994) /. Appl. Physiol. 77, 774-781 



17 0 TIPS ~ May 1997 (Vol. 18) 



